[1] The Los Alamos hybrid simulation code is used to examine heating and the partition of dissipation energy at the perpendicular heliospheric termination shock in the presence of pickup ions. The simulations are one-dimensional in space but three-dimensional in field and velocity components, and are carried out for a range of values of pickup ion relative density. Results from the simulations show that because the solar wind ions are relatively cold upstream, the temperature of these ions is raised by a relatively larger factor than the temperature of the pickup ions. An analytic model for energy partition is developed on the basis of the Rankine-Hugoniot relations and a polytropic energy equation. The polytropic index g used in the Rankine-Hugoniot relations is varied to improve agreement between the model and the simulations concerning the fraction of downstream heating in the pickup ions as well as the compression ratio at the shock. When the pickup ion density is less than 20%, the polytropic index is about 5/3, whereas for pickup ion densities greater than 20%, the polytropic index tends toward 2.2, suggesting a fundamental change in the character of the shock, as seen in the simulations, when the pickup ion density is large. The model and the simulations both indicate for the upstream parameters chosen for Voyager 2 conditions that the pickup ion density is about 25% and the pickup ions gain the larger share (approximately 90%) of the downstream thermal pressure, consistent with Voyager 2 observations near the shock. 
Introduction
[2] The heliospheric termination shock marks the heliospheric boundary where the solar wind makes the transition from a supersonic flow to a subsonic flow. It is believed to be quasi-perpendicular at most heliospheric latitudes because of the shock's great distance from the Sun and the Parker spiral structure of the heliospheric magnetic field.
[3] Voyager 1 (V1) crossed the termination shock in December 2004 at the heliocentric distance of 94 AU and a heliospheric latitude of 34.1° . In August 2007 Voyager 2 (V2) crossed the termination shock at 84 AU and a heliographic latitude of À27.5° [Decker et al., 2008] . At the times of their respective crossings, both Voyager 1 and Voyager 2 carried operating magnetometers, but only Voyager 2 carried a functional plasma instrument. However, neither Voyager was able to measure the suprathermal ions, so there are no direct observations about the partition of dissipation energy at the termination shock.
[4] Upstream of the termination shock, ions primarily consist of protons of two distinct components: the thermal solar wind protons with a temperature T $ 1 eV and the pickup protons with an effective temperature T $ 1 keV [e.g., Vasyliunas and Siscoe, 1976; Fisk and Gloeckler, 2006] . Downstream of the shock, it was found from the Voyager 2 measurements that solar wind ions can account for only about 15% of the dissipation at the termination shock . Richardson [2008] postulated that pickup ions account for most of the dissipation.
[5] Various analytical models and computational simulations have reached different conclusions on the partition of dissipation energy between the solar wind ions and the pickup ions, as well as the mechanism for pickup ion energization. Zank et al. [1996] and Lee et al. [1996] independently proposed that pickup ions gain a large amount of energy through repeated reflections from a very thin (electron Debye length scale) cross shock potential layer. With a one-dimensional hybrid kinetic simulation that includes electron inertia terms, Lipatov and Zank [1999] demonstrated that pickup ions can gain more energy than the solar wind ions through multiple reflections. However, earlier Liewer et al. [1993] reported that even with a 20% pickup ion relative density, their one-dimensional hybrid simulations showed that solar wind ions provide most of the termination shock dissipation. They also found that ''pickup ions lead to the formation of an extended foot in front of the shock ramp of length approximately the gyroradius of the energetic pickup ion'' [Liewer et al., 1993, p. 15,219] . The fundamental difference between the Lipatov and Zank [1999] simulations and the Liewer et al. [1993] simulations is the length scale of the shock ramp where pickup ions are most likely to be accelerated.
[6] We argue that the ramp of the termination shock scales as the ion inertial length, not the electron inertial length. On the basis of early ISEE observations on strong shocks such as the Earth's bow shock, Scudder et al. [1986] showed that the thickness of such a shock ramp is some fraction of the upstream proton inertial length, that is, roughly the ion gyroradius. More recently, Bale et al. [2005] showed similar ramp thicknesses based on Cluster observations. Our simulations with zero percent pickup ions are consistent with these observations. Intuitively, we expect that with the adding of pickup ions at the termination shock, the shock will weaken and the ramp should widen. More directly, Burlaga et al. [2008] reported a Voyager 2 observed ramp size of one ion inertial length. Therefore the hybrid simulation (the same model Liewer et al. [1993] used) is still a valid tool to examine the termination shock. Our study utilizes the Los Alamos hybrid simulation code to model the relative heating of the solar wind and pickup ions at termination shocks. Our simulation has fundamentally the same physics as the Liewer et al. [1993] simulation. However, we apply a more accurate set of input parameters (e.g., solar wind beta and pickup ion beta) derived from the recent Voyager observations.
[7] Consider a quasi-perpendicular shock with a single, relatively cold, upstream ion component. In such shocks above the critical Mach number M c [Woods, 1969] , ion reflection is a well known phenomena confirmed by hybrid simulations [e.g., Quest, 1985; Gosling and Robson, 1985; Goodrich, 1985] , laboratory studies [e.g., Phillips and Robson, 1972] and spacecraft observations of Earth's bow shock [e.g., Paschmann et al., 1982; Sckopke et al., 1983] . Adiabatic heating and anomalous resistivity are not sufficient to account for energy dissipation across such highMach shocks [e.g., Kennel et al., 1985] . To provide additional dissipation, some ions are reflected back upstream by the shock. Those reflected ions are heated by the conversion of some of their ram energy into the energy of ion gyration. They are then convected downstream. Because the ion reflection process is nearly specular [Gosling and Robson, 1985] , the gyrovelocities of reflected ions approximate the upstream bulk speed [Burgess, 1995; Gosling and Robson, 1985] , which in this case is the upstream solar wind speed.
[8] The presence of a substantial number of pickup ions at large heliospheric distances suggests that the environment of the termination shock is very different from that of the terrestrial bow shock. The processes by which the relatively energetic pickup ions gain energy at a shock are fundamentally different from the reflection of the relatively cold solar wind ions. Using both observations and results of our hybrid simulations, this paper describes a quantitative analysis of the solar wind and the pickup ion energization at the perpendicular termination shock. Results are characterized as functions of the pickup ion relative density, f, which is defined as the upstream pickup ion number density over the total upstream number density, n u PUI /n u . Here ''PUI'' denotes pickup ion. Another puzzle in the Voyager 2 observations is that the downstream flow remains supersonic with respect to the thermal ions [Li et al., 2008] . We will address this issue with our analytic model as well.
[9] Throughout this paper, r S denotes the shock strength (or compression ratio), defined by the density jump n d /n u (downstream density over upstream density). The subscript ''u'' represents upstream and the subscript ''d'' represents downstream. A summary of the Voyagers' termination shock crossings is listed in Table 1 for later comparison. In the table, w s is the shock width, which is a few times the ion inertial length and is much larger than the electron inertial length and the ion thermal gyroradius [Richardson et al., 2008] . The quantities u u and u d are the bulk velocities upstream and downstream, respectively. The quantity q Bn is the angle between the shock normal and the local magnetic field, which is directly available from Voyager 2. The quantity T d is the downstream temperature of the core solar wind ions. The temperature jump of these core solar wind is expressed as t = T d /T u . Both Voyager 1 and Voyager 2 observations show that the termination shock is a weak shock with a shock strength of about 1.6 -2.6 at the locations where the Voyagers crossed it (i.e., near the nose). In this paper, we model the termination shock in a generic sense, rather than trying to reproduce explicit features of any of the Voyager shock crossings. As such, we are concerned about the ''average'' fraction of energy gain by the pickup ions at the shock ($85%) and the ''average'' shock strength ($2).
Hybrid Plasma Simulations
[10] The Los Alamos Hybrid Plasma Simulation code assumes kinetic ions and massless quasi-neutral fluid electrons [Winske et al., 2003 ]. The code is ideal for computing ion responses to plasma phenomena (such as the termination shock) at ion inertial length and timescales. The hybrid code computes the evolution of the plasma quantities as coupled to Maxwell's equations and solves Maxwell's equations in the low-frequency limit. More details about the algorithm can be found in the work of Winske and Omidi [1993] . TS-2 is the 2nd termination shock crossing when the termination shock is moving outward, and TS-3 is the 3rd termination shock crossing when the termination shock is moving inward. The quantity w s is the shock width and the quantity t = Td Tu is the temperature jump Decker et al., 2005; Burlaga et al., 2005; Li et al., 2008] .
[11] Figure 1 (top) illustrates the one-dimensional setup for our termination shock simulations. The simulations are run in the downstream rest frame where the stationary shock propagates to the left. Except where specified, the plots in this paper are all shown in the downstream rest frame. The particles are injected from the left wall with velocity (u u À u d ), where u d is the downstream velocity in the shock frame calculated from the Rankine-Hugoniot relations. For the right boundary, we have included a narrow region of heated plasma with plasma conditions determined by the Rankine-Hugoniot relations. This helps to initiate the shock correctly. The boundary condition at the right wall (downstream) is then set to reflect particles that hit it. Although the simulations are one-dimensional in space, the ion velocities, fluid velocities and electromagnetic fields are fully threedimensional.
[12] The length of the system is 400w pi /c, where w pi is the plasma frequency of the ions. The system is divided into 800 cells and the initial number of particles is 80,000 (about 100 particles per cell) for each ion component. The resistivity is set to a small value: 2 Â 10 À5 (4p/w pi ). We assume that all ions are protons, and that the shock is perpendicular with the shock normal q Bn = 90°. The upstream parameters are chosen to be consistent with the Voyager 2 observations. Here: plasma beta b sw = 0.05, u u = 8v A (or equivalently M A = 8) in the shock frame. The solar wind's thermal velocity distribution is assumed to be Maxwellian. We vary the pickup ion relative density from 0% to 40% to study different scenarios. The upstream pickup ion velocity distribution is assumed to be a spherical shell with the shell radius equal to the upstream bulk speed u u because of the pickup process. Our choice of a shell distribution allows us to distinguish more clearly between the pickup ion response and the solar wind ion response to the shock. Further studies will be needed that model the upstream pickup ions using the Vasyliunas and Siscoe [1976] formula, which corresponds to a filled-in shell velocity distribution. Further, in this study we only consider the conditions near the shock. We do not simulate the foreshock region which extends about 10-15 AU upstream of the shock, nor do we extend our simulations deep into the downstream heliosheath.
Phase Space Density
[13] The 0% pickup ion simulation is a baseline computation that provides a comparison against the more realistic simulations (with pickup ions) to follow. Figure 1 (bottom) shows spatial profiles of the magnetic field B z from the 0% pickup ion simulation at constant time intervals, stacked with the t = 0 profile on the bottom, extending to the t = 48 W i À1 profile on the top. Here W i is the ion gyrofrequency based on the upstream magnetic field. This plot demonstrates a well-formed shock propagating to the left at a nearly constant speed, u sh = À1.98v A . The speed of the solar wind relative to the shock is u u À u d + u sh ' 8v A .
[14] Figure 2 shows the spatial profiles of the magnetic field and the ion density at t = 48W i À1 from Figure 1 in more detail. The density and magnetic field profiles are similar, as expected for a perpendicular shock. The shock jump is clearly evident at x = 259c/w pi . In Figure 2 , the ion density n i is normalized by the upstream ion density n u ; the magnetic field B z is normalized by the upstream magnetic field B u ; and x is normalized by c/w pi . The upstream values are nearly constant, and the downstream average values of the density and magnetic field are $4. The density and magnetic field jumps, as well as the amount of downstream heating, are consistent (to within $5%) of the values based on the Rankine-Hugoniot relations [Burgess, 1995] . In addition, there is a large peak in both quantities at the (bottom) Time evolution of the magnetic field B z profile from a 0% pickup ion simulation. Since the simulation is run in the downstream rest frame, the shock propagates to the left. In the bottom, x is normalized by c/w pi where w pi is the ion plasma frequency and time t is normalized by W i where W i is the ion gyrofrequency based on the upstream magnetic field. shock jump; the peaks are much higher than the average downstream values and are usually referred to as the overshoot. Downstream there are quasi-periodic oscillations around the average values. The other transverse component of the magnetic field, B y , is about a factor of 10 3 smaller, as one would expect for a near-perpendicular shock and is not displayed.
[15] Figure 3 shows a series of phase space density plots from the simulation with pickup ion relative density f = 0. The shock is marked by a dashed line in Figures 3a and 3b . In the simulation, we identify reflected solar wind ions as the particles that are streaming upstream (v x < À0.4u u and v y > 0.4u u ) within a finite distance (2c/w pi ) of the shock center. The limitation is that this method cannot separate reflected ions from transmitted ions unambiguously. Because the transmitted ions can also gyrate back, a backward motion inside the shock is caused by gyration or reflection. Nevertheless, this method provides a qualitative picture of ion reflection. The transmitted solar wind ions are shown in Figure 3a , and the reflected solar wind ions are shown in Figure 3b . The plots of v x À x and v y À x indicate that the gyrophases of reflected ions are $180°off those of the transmitted solar wind ions. Further, the gyrovelocities of the reflected ions approximate the upstream bulk velocity in the shock frame. The v z À z plots show that there is no heating in the z-direction for both the transmitted and reflected solar wind ions, a consequence of the onedimensional perpendicular shock. The upstream solar wind ions ( Figure 3c ) form a Maxwellian distribution as assumed. The velocity (v x ) distributions of the downstream ions ( Figure 3d ) are divided into two populations: a heated transmitted population ( Figure 3e ) and a suprathermal tail formed by the reflected ions ( Figure 3f ). Both downstream populations are gyrotropic.
[16] Figure 4 presents the phase space density of both the solar wind ions and the pickup ions for the 0% pickup ion simulation. The pickup ions are test particles here; they are subject to the electromagnetic field as usual, but they make no contribution to the source terms such as density and currents. In (top) display the same magnetic field profile B z . These profiles are plotted on top of both the solar wind ion images and the pickup ion images so that we can compare the scale length of B z with the scale lengths of both populations. As Figure 4f illustrates, some pickup ions are energized and form a ring distribution. However, the average heating of the pickup ions as implied by the velocity jump, is much weaker than that of the solar wind ions. In Figure 4b , the energized pickup ions upstream of the shock form an extended region in the v x À x and the v y À x spaces (middle and bottom) as marked by two vertical grey lines. However, as test particles, pickup ions do not affect the foot of the magnetic profile (top of Figure 4b ). This is not the case for our other simulations where pickup ions modify the shock profiles.
[17] Figure 5 presents the same plot as Figure 4 for the 20% pickup ion simulation. In this simulation, the shock is much weaker, with r S $ 2.5. There is a broader foot in front of the shock front in the B z profiles, which is roughly equal to the width ($8 w pi /c) of the particular pickup ion gyroradius from the shock front back into the upstream. This wider shock foot, which is caused by the presence of pickup ions in front of the shock, is marked by the two vertical grey lines in 5b. Recall that in Figure 4b (top) (the 0% pickup ion simulation), the foot is much shorter and not as visible. This difference between the 20% and the 0% pickup ion simulation is consistent with the finding of Liewer et al. [1993] that the foot of the shock is determined by the energized pickup ion upstream gyroradius.
[18] Figure 5a also shows that for the 20% pickup ion simulation, solar wind ions are less energized than the solar Figure 2 . (top) Density profile and (bottom) magnetic field profile from a 0% pickup ion simulation. The ion density n i is normalized by the upstream ion density n u , the magnetic field B z is normalized by the upstream magnetic field B u , and x is normalized by c/w pi .
wind ions in the 0% pickup ion simulation (Figure 4a ). When the pickup ion relative density is 20%, very few solar wind ions are reflected. Assuming that the wings of the downstream solar wind distributions correspond to the more energetic reflected ions, the reflection efficiency of the solar wind in the simulation with 20% pickup ions (Figure 5d ) is significantly reduced in comparison with the reflection efficiency in the 0% pickup ion (Figure 4d ) simulation. The average heating of the solar wind ions, however, is still stronger than that of the pickup ions. The downstream thermal velocity of the solar wind (Figure 5d ) is roughly 3 -4 times its upstream velocity (( Figure 5c ). As seen from Figure 5f , some pickup ions are energized to form a heated ring distribution, as in Figure 4f . The downstream pickup ions (Figure 5f ) are heated only $2 times the upstream pickup ion velocity (Figure 5e ), because the shock is much weaker. More precisely quantified heating ratios will be discussed in section 2.3.
Pickup Ion Trajectories
[19] Figure 6 illustrates velocity space trajectories of pickup ions from our simulation with a pickup ion relative density of 20%. The images illustrate the temporal evolution of ions that originate from the same upstream location at the start of the simulation, with one ion per image. The start time in each is marked with an asterisk, and the color changes from black to blue, green, yellow, orange and red; the last color corresponds to late-time downstream conditions. These trajectories are characteristic of the fraction of pickup ions that gain substantial energy at the shock. The Figure 3d passing the shock. Empirically, we can separate the downstream population Figure 3d into the transmitted ions in Figure 3e and the reflected ions in Figure 3f . The velocities are all normalized by the upstream Alfvén speed v A , and x is normalized by c/w pi . circles with relatively large average v x are from upstream of the shock; the transition region in green corresponds to parts of the trajectory near the shock; and the circles with relatively small average v x are from downstream. These trajectories suggest that some pickup ions can achieve a significant energy gain at the shock, and the process involves both v x and v y . The mechanism by which these ions are energized will be discussed in a later publication.
Temperature Jump and Energy Partition
[20] Generally, the thermal pressure can be calculated from P = nkT. The temperature, T, has a dimension of energy per unit particle and represents the average kinetic energy of these particles. Pressure, P, has a dimension of energy per unit volume. We use temperature to characterize the microscopic particle energization, and pressure to describe the macroscopic partition of energy. For our simulations, the components of temperature are defined as follows
Here the notation ''hi'' means the average value of the enclosed parameter over all the ions of component j and over some finite spatial region within the simulation domain; m j is the mass of ions of component j; k is the Boltzmann constant. In the one-dimensional simulation of perpendicular shocks, as shown in Figure 3 , there is no heating in v z (the velocity component parallel to the background magnetic field). Therefore it is more accurate to calculate the temperatures inferred from the simulation using only the v x and v y terms (velocity components perpendicular to the background magnetic field) in equation (1). Using the downstream temperatures calculated in this manner, the simulated shock in the 0% pickup ion case satisfies the Rankine-Hugoniot relations.
[21] Using these temperatures computed over a spatial extent of 60c/w pi upstream and downstream of the shock, we calculate the temperature jump of the solar wind ions t sw and the temperature jump of the pickup ions t PUI , both of which are listed in Table 2 . In the table, n PUI /n u (input column) is the percentage of upstream pickup ions, r S is the shock strength (compression ratio), u d is the downstream velocity written in the unit of Alfvén speed v A . Ideally, if all the particles are transmitted, a polytropic energy equation predicts that the temperature jump across a shock should be given by (see Appendix A for derivation)
In Table 2 , the adiabatic temperature jump corresponding to g = 5/3 is presented by the t adiabat column. An adiabatic transition involves no change in entropy across the shock.
However, by definition, a shock is a transition across which there is an entropy increase. Because of this nonadiabatic nature of shock crossings, both the solar wind temperature jump t sw and the pickup ion temperature jump t PUI are larger than t adiabat . In particular, the solar wind ions go through a much larger temperature jump than the pickup ions: t sw ) t PUI > t adiabat . Recall that the RankineHugoniot relations determine the temperature jump across the shock, but do not indicate the nature of the heating, nor the partition of the heating if there is more than one plasma component. A polytropic law of the form of equation (2) has often been used to characterize the heating at shocks [e.g., Feldman, 1985] , where g becomes a parameter determined from observations. We thus define g PUI as such a parameter for characterizing pickup ion heating [Burgess, 1995] . The values of g PUI from our simulations can be obtained by putting the values of t PUI and r S into equation (2), as shown in Table 2 . It is shown that g PUI varies between 2.4 and 2.6 and does not depend on the pickup ion relative density. This result will be applied in section 3. [22] Compared with the observed solar wind temperature jump in Table 1 , the simulated t sw values in Table 2 are larger than the observed ones. This is because the plasma instrument on Voyager 2 does not accurately measure ions in the energetic tail of the velocity distributions and therefore underestimates t sw by comparison with the simulation values.
[23] We define h j as the percentage of thermal energy gained by each population
where the ion component j could be the pickup ion or the solar wind ion; ''sw'' is short for ''solar wind'', V d is the volume of the downstream ions; and so (r S V d ) is the ions' upstream volume before they cross the shock. As P j = n j kT j , equation (3) can be rewritten as
for a simulation, where f j is the relative density of the ion component j. The simulation results of h PUI (Table 2) show that the net energy gain of pickup ions increases with an increasing pickup ion relative density. When the pickup ion relative density is greater than 15%, pickup ions account for more than 80% of the dissipation. This is consistent with the postulation that most energy goes to pickup ions, which Richardson et al.
[2008] drew from the Voyager 2 observations. Another way of characterizing the energy partition, for easy comparison with Voyager observations, is through the downstream thermal pressure ratio defined as
The pressure ratio c d is displayed in 
Multicomponent Rankine-Hugoniot Model
[24] We apply the Rankine-Hugoniot jump conditions to develop a termination shock model for the partition of the downstream dissipation energy between three distinct ion 
Model Equations
[25] To apply the Rankine-Hugoniot relations (Appendix A), we first need to define the upstream conditions. As noted earlier, we consider a perpendicular shock, with an upstream velocity u u and a corresponding Alfvén Mach number M A = u u /u A , where u A is the upstream Alfvén speed, u A 2 = B u 2 /(m 0 r u ). We also specify the upstream solar wind temperature T u sw in terms of b sw = 2m 0 kT u sw r u /(m i B u 2 ). For the pickup ions, we assume a spherical shell distribution, with speed v shell = u u . It then follows from equation (1) that
where f is the upstream pickup ion relative density as previously defined. The pickup ions have an upstream flow velocity equal to that of the solar wind ions, u u , as implied by the pickup process. Therefore the upstream thermal pressure is given by
It is then useful to define
So with given upstream solar wind beta b sw , Alfvén Mach number M A and heating parameters (g, g PUI ), for any chosen pickup ion relative density f we can calculate d and the sonic Mach number
Then the Rankine-Hugoniot expression (A11) (Appendix A) can be rewritten as
and solved for r S .
[26] The Rankine-Hugoniot relations also give the downstream thermal pressure P d in terms of the upstream pressure P u (which we will consider shortly). However, first, we need to discuss models for the heating of the separate ion components (solar wind transmitted ions, solar wind reflected ions and pickup ions).
[27] Both the Voyager 2 observations and our hybrid simulations show that downstream pickup ions gain more energy than would be described by equation (2) with g = 5/3. To represent this concept in our model, we assume that downstream of the shock the thermalization of the pickup ions follows a polytropic energy equation, with a g PUI to represent the amount of heating
Equations (6) and (11) together give
Our simulations further show that, even with pickup ions, some solar wind ions are specularly reflected at the shock. In this model, we assume that the solar wind ions can be divided into two parts: a transmitted component and a reflected component. Let ref be the reflection efficiency of the solar wind ions: the number density of reflected solar wind ions divided by the number density of the solar wind ions. We assume the transmitted solar wind ions obey a polytropic energy equation, with the same g used in equation (10) to compute the compression ratio. Then the transmitted solar wind population has a downstream pressure of
where the superscripts ''ref'' and ''sw-trans'' represent ''reflected ions'' and ''solar wind transmitted ions'', respectively. The upstream solar wind pressure is expressed as
where we made use of equation (6). Equations (13) and (14) give
For the reflected solar wind ions, because of specular reflection and subsequent energy gain in the upstream region, their downstream thermal speed is v d sw-ref $ u u [Gosling and Robson, 1985] . In fact, our 0% pickup ion simulation gives v d sw-ref = 1.5 u u . To simplify the calculation, we adapt a value of ffiffi ffi 2 p and thus we have v d sw-ref ' ffiffi ffi 2 p u u here. We then find that
The total downstream thermal pressure can then be expressed as the sum of the transmitted solar wind thermal pressure, the reflected solar wind thermal pressure and the transmitted pickup ion thermal pressure
Using equations (12), (15) and (16), we can rewrite the above equation as
Conservation of momentum across the shock (equation (A8)) requires that
Substituting P d with equation (18) and B d with equation (A10) (Appendix A), we get
Dividing equation (20) by r u u u 2 and solving for ref , we find that
Since the shock strength r S has been obtained from equation (10), we can solve for the solar wind reflection efficiency ref using equation (21). In addition, the thermal pressure jump can be derived to be
and the downstream pickup ion thermal pressure ratio (defined in section 2.3) is
In order to compare model results with Voyager observations and hybrid simulations, we choose the same input values of M A = 8 and b sw = 0.05, as in our simulations, for our analytic model. Table 2 shows that g PUI varies between 2.4 and 2.6 over our various simulations. Therefore we assume an average value, g PUI = 2.48, independent of the pickup ion relative density, in our analytic formula. Figure 7 then shows model results for r S , P d /P u , and P d PUI /P d as functions of the pickup ion relative density for the choice of two different values of g: g = 5/3 and g = 2.2; the simulation results are indicated by the diamond symbols.
Our Rankine-Hugoniot analysis shows that, for a fixed value of the pickup ion relative density, an increase in g corresponds to a decrease in P d /P u (as in Figure 7 , middle) and a smaller r S (see Figure 7 , top). Both the r S and P d PUI /P d images demonstrate that with the increase of the pickup ion relative density f, the simulated values trend from the g = 5/3 curve toward the g = 2.2 curve. Overall, as seen from the r S image, above 15% pickup ion relative density, a g of 2.2 is more appropriate for characterizing the shock.
[28] The P d PUI /P d inferred from Voyager 2 observations [Richardson, 2008] Figure 7 (top) and use the observed ''average'' Voyager 2 compression ratio of $2, our simulations and our model with g = 2.2 both indicate that f ' 25%, which is consistent with the Richardson [2008] estimate.
[29] In Figure 8 , ref is plotted in black as a function of the pickup ion relative density f. The dashed line corresponds to g = 5/3. The reflection efficiency ref in the 0% pickup ion simulation is 25% and consistent with earlier hybrid simulations [e.g., Leroy et al., 1982] . The value of ref drops dramatically to zero for a pickup ion relative density f = 11%. For g = 2.2, the reflection efficiency of solar wind ions is higher for all values of the pickup ion relative density because of the stronger heating of the pickup ions. At f = 20%, the model predicts there is still a significant number of reflected solar wind ions, consistent with the phase space plots in Figure 5 .
Energy Partition During Dissipation
[30] The percentage of thermal energy gain by the transmitted solar wind ions can be derived from equation (3) 
Similarly, the percentages of thermal energy gain by reflected solar wind ions and pickup ions respectively are
and
The two quantities h sw-ref (blue) and h PUI (red) are plotted in Figure 8 . The dashed lines correspond to g = 5/3, the solid line corresponds to g = 2.2 and the simulations result are plotted as diamonds. The percentage of thermal energy gain by the reflected solar wind ions h sw-ref decreases with increasing pickup ion relative density f. The percentage of thermal energy gain by the transmitted solar wind ions h sw-trans is negligibly small and is not shown. The percentage of thermal energy gain by the pickup ions h PUI increases with an increasing pickup ion relative density. Above f $ 15%, the simulated h PUI ' constant. So at relative small values of f, the simulated values are more in agreement with the Multicomponent Rankine-Hugoniot model based on a g = 5/3 shock but they tend toward the g = 2.2 shock solution at higher pickup ion relative densities.
Gas Kinetic Character of the Termination Shock
[31] The downstream Alfvén Mach number can be obtained analytically with the aid of equation (A10) (Appendix A) 2). This means that downstream of the termination shock, the flow is still super Alfvénic, which is consistent with the Voyager 2 observations [Li et al., 2008] .
[32] The downstream sonic Mach number can also be obtained analytically
where the upstream M cs = 1/(gd) as discussed previously. The pressure jump P d /P u is known from equation (22 [33] The magnetosonic Mach number M MS [Cravens, 1997] is defined as the coupled Mach number of the Alfvén Mach number M A and the sonic Mach number M cs
For all of our simulations, the downstream magnetosonic numbers predicted by g = 5/3. This is because a larger g increases the heating, and thus lowers r S , which results in a faster downstream flow with larger downstream Mach numbers. Although the downstream flow is super Alfvénic, it is still subsonic and submagnetosonic. The termination shock has the character resembling a gas kinetic shock as opposed to the terrestrial bow shocks, which behave as Alfvénic shocks. The participation of pickup ions in the shock dynamics causes the gas kinetic nature of the termination shock [Fisk, 1996] .
Summary
[34] We have used the one-dimensional Los Alamos hybrid code to carry out a series of simulations of the perpendicular termination shock in the presence of solar wind ions and pickup ions. Our simulations show that, although the presence of the pickup ions weakens the shock, some of the upstream solar wind ions are still reflected, helping to dissipate the energy required for the shock transition. The reflected solar wind ions gain a gyrotropic speed of the order of the upstream flow speed, and are swept downstream. This process gives some solar wind ions the same order of magnitude kinetic energy as the pickup ions, so that it is difficult to observationally separate reflected solar wind ions from pickup ions downstream. The simulations also show that the termination shock is not a very strong Alfvénic shock such as the familiar terrestrial bow shock; rather, as our analytic model presents, the presence of the pickup ions raises the magnetosonic wave speed so that the termination shock behaves more like a gas kinetic shock [Fisk, 1996] .
[35] Representative trajectories from the simulations also demonstrate that, although the pickup ion energy gain is greater than predicted by adiabatic compression, the process of specular reflection appropriate for the relatively cold solar wind ions is not applicable to the relatively warm pickup ions. Rather than a simple reversal of the radial velocity (v x ) as in reflection, both the radial and the transverse (v y ) velocity components play a role in the transfer of energy to the pickup ions.
[36] We emphasize that in this paper we have used a 1-D simulation, which precludes the excitation of downstream waves that scatter the heated solar wind and pickup ions in the direction of the magnetic field. This relaxes the downstream plasma, which in 1-D remains in a highly anisotropic state. In a future publication, we will address the impact of 2-D calculations on the amount of downstream heating and the partition of the heating between the solar wind and pickup ions.
[37] Our analytic model (Multicomponent RankineHugoniot model) is based on the Rankine-Hugoniot jump conditions, a polytropic energy equation, and specular reflection for a few solar wind ions. The model computes the relative energy gain at a perpendicular shock for three proton components: transmitted solar wind ions, reflected solar wind ions, and pickup ions. Applying fitting parameters derived from our hybrid simulations to the polytropic energy equation, we can characterize the energy gains for transmitted solar wind ions and pickup ions. The reflected solar wind ion energy gain is characterized by a different parameter, which represents specular reflection, derived from the 0% pickup ion simulation. The model results are in good agreement with our simulations and are consistent with the plasma observations made by Voyager 2 at the termination shock.
[38] Our model and our simulations predict that the pickup ion relative density at the Voyager 2 crossing of the termination shock is about 25%, similar to the value of $20% inferred from the Voyager data by Richardson [2008] . Comparison between the analytic results and the simulations shows that, for a pickup ion relative density larger than about 15%, the polytropic index g = 2.2 provides a better characterization of the solar wind ion response than g = 5/3.
[39] The simulations and the model further show that the relative energy gains of the two upstream components are sensitive functions of the relative pickup ion density. Only when the pickup ion relative density is less than $5% does more energy go into the solar wind reflection than pickup ion heating; in this case, the solar wind component dominates the shock dissipation [Liewer et al., 1993] . However, for larger pickup ion relative densities, the energy gain of pickup ions becomes much greater than that of the solar wind ions, which is the case of the termination shock. Our results support the inference by Richardson [2008] that most ($90%) of the dissipation is caused by pickup ions.
Appendix A
[40] For completeness, we restate the Rankine-Hugoniot jump conditions in a magnetohydrodynamic shock. The relations stated have been derived previously [e.g., Burgess, 1995] and are used in section 3 in the development of our multi-ion component model of the shock transition.
[41] We start with the polytropic energy equation:
where P = nkT / nkv 2 and V / 1/n, so
With upstream and downstream conditions, the above equation turns into
Substitute shock strength r S = n d /n u into equation (A3), we arrive at
Defining temperature jump t
